Rolling bearings are the key components of rotating machinery. However, the incipient fault characteristics of a rolling bearing vibration signal are weak and difficult to extract. To solve this problem, this paper presents a novel rolling bearing vibration signal fault feature extraction and fault pattern recognition method based on variational mode decomposition (VMD), permutation entropy (PE) and support vector machines (SVM). In the proposed method, the bearing vibration signal is decomposed by VMD, and the intrinsic mode functions (IMFs) are obtained in different scales. Then, the PE values of each IMF are calculated to uncover the multi-scale intrinsic characteristics of the vibration signal. Finally, PE values of IMFs are fed into SVM to automatically accomplish the bearing condition identifications. The proposed method is evaluated by rolling bearing vibration signals. The results indicate that the proposed method is superior and can diagnose rolling bearing faults accurately.
INTRODUCTION
In order to ensure the reliability of rotating machinery, condition monitoring and fault diagnosis of rolling bearings timely and accurately become very essential. 1 Because of the direct connection between the structure of the rotating machinery and vibration sensor, vibration analysis methods have been widely applied for fault diagnosis in machinery fields. 2, 3 When a fault occurs on the surface of a rolling bearing, the periodicity impulses will appear in the vibration signals. Vibration signals are directly associated with the structural dynamics of the monitored machine, which consists of adequate information relating to the mechanical system. How to extract useful information that represents the bearing fault feature from the vibration signals is the key point for condition monitoring and fault diagnosis. 4 Due to the complex and harsh working conditions of the mechanical system, the useful characteristics of vibration signals are usually drowned out by noises. 5 Many advance signal processing methods have been employed to extract the characteristics of the vibration signals.
The well-known time-frequency method wavelet transform (WT) can decompose a signal into several scale timefrequency components. The WT method is widely used in the fault diagnosis of rolling bearings. 6, 7 However, the appropriate selection of the wavelet basis function needs to be solved, and WT does not have the self-adaptive feature. Empirical mode decomposition method (EMD) 8 is a self-adaptive signal decomposition technique, which can decompose any complicated signal into IMFs depending on the natural oscillations embedded in signal. The EMD method has received the extensive attention of researchers and has been used in the diagnosis appli-cations of mechanical system. 9 However, the mode mixing and end effect problems of EMD algorithm limit its applications to the fault diagnosis. 10, 11 Ensemble empirical mode decomposition (EEMD), 12 an improved version of EMD, improves the mode mixing drawback of the EMD method. The EEMD method consists of sifting through an ensemble of white noiseadded signals and treats the mean as the final true result. The EEMD method has improved the mode mixing, and has been applied to bearing fault diagnosis. 13 Xiang and Zhong, 14 on the basis of EEMD, found that feature extraction is further performed by the random decrement technique (RDT) to determine the feature frequency, and the combination of the methods is effective for fault diagnosis. Considering that the faulty component has severe noise, LI et al. proposed the morphological filtering-translation invariant wavelet and the improved EEMD method, which reduced the noise of the original signal and made the diagnosis more accurate. 15 Recently, a new adaptive and quasi-orthogonal signal decomposition method, variational mode decomposition (VMD) was put forward by Konstantin Dragomiretskiy and Dominique Zosso. 16 VMD can decompose a signal into various modes or IMFs by using calculus of variation. VMD is a signal decomposition algorithm with more refinement time-frequency divisions than EMD and local mean decomposition (LMD). 17 The decomposition performance of VMD can substitute EMD method which does not have a strong mathematical foundation. 18 Considering the advantage in the aspects of signal decomposition, VMD is applicable to process the rolling bearing vibration signals.
In order to extract the dynamic characteristics hidden in the 
